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1. Introduction
Faced with a growing population and increasing per capita rice 
consumption, countries and their policy makers have three op-
tions to meet future demand for rice: increase imports, increase 
rice area and increase production per unit area. Often, growing 
needs are met through a combination of these three options. 
But in some cases one or more of these solutions are not possi-
ble, or only to a limited extent. Such is the case when biophys-
ical limits to yield increase have been reached, or where all of 
the suitable land is already being used for agriculture or cul-
tivation of specific crops. It is therefore relevant to quantify 
the biophysical opportunities and limits. Many African politi-
cians have formulated ambitious plans for increasing produc-
tion (Seck et al., 2012, 2013; http://www.riceforafrica.org ). It 
is therefore timely to investigate the quantitative relationship 
between self-sufficiency or import levels on the one hand and 
yield gap closure and area expansion on the other hand. We 
do not make (political or societal) statements on which mix-
ture of imports, area expansion and yield increase is most de-
sirable or most realistic politically. Rather, we compute the 
window of opportunities between these key variables. Rather 
we aim to quantify trade-offs between imports and area expan-
sion for rice cultivation. These trade-offs depend on uncertain 
future trends in per capita consumption and yield increase. 
We therefore present different scenarios to quantify the range 
of possible outcomes. Such an analysis is also relevant in the 
context of studies on “intensification” (raising yields on ex-
isting fields through yield gap closure). Most recent studies 
consider intensification the most desirable option, due to con-
cerns about land availability and quality, and the need to pro-
tect natural ecosystems (Tilman et al., 2002; Cassman et al., 
2003; Koning and van Ittersum; 2009, Foley et al., 2011; Pretty 
et al., 2011; Ramankutty and Rhemtulla, 2012; Garnett et al., 
2013; Hall and Richards, 2013).
In Africa, with its rapid population growth, agricultural area 
has been expanding and is likely to continue. This expansion 
has occurred because yield increase on existing land has been 
too slow to keep up with growing consumption in most African 
countries (Pretty et al., 2011). The future required agricultural 
area can be estimated based on extrapolation of current trends 
in yield and consumption (e.g. Balmford et al., 2005). Such ap-
proaches have been criticized (e.g., van Ittersum et al., 2013) be-
cause such extrapolations may lead to yield projections above 
the biophysical upper limits imposed by solar radiation, tem-
perature, and water supply (which is impossible). Quantifica-
tion of the biophysical upper limits to yield increase through 
the use of crop growth models may help more realistic quanti-
fication of the extent to which self-sufficiency can be achieved 
through intensification.
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Abstract
Most African countries are far from self-sufficient in meeting their rice consumption; in eight countries the produc-
tion: consumption ratio, ranged from 0.16 to 1.18 in 2012. We show that for the year 2025, with population growth, diet 
change and yield increase on existing land (intensification), countries cannot become fully self-sufficient in rice. This im-
plies that for the future, a mixture of area expansion and imports will be needed on top of yield gap closure. Further re-
search is needed for identification of most suitable new land for rice area expansion and areas that should be protected.
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Since 2000, both rice harvested area and yield have been in-
creasing in Sub-Saharan Africa (SSA) (Figures 1a and 1b). How-
ever, the ratio between production and consumption (P/C ra-
tio), which is an indicator for self-sufficiency, has been far below 
one for a considerable time (Figure 1c), indicating that most 
countries in SSA are still far from being self-sufficient in rice. 
Meanwhile, the population (UN, 2014, Figure 1d) and per-cap-
ita consumption are expected to continue to increase. If growth 
in yields cannot keep track of growth in consumption then ei-
ther more area, more imports, or a combination of these two 
will be needed.
With a growing population and changing diets policy makers 
have basically three options to meet future consumption needs: 
(1) increase yields, (2) increase imports and (3) area expansion. A 
conceptual model of the decision-making space is shown in Fig-
ure 2. For a given population and at given yield levels and diet, 
any linear combination of area and imports can fulfill the popu-
lation’s needs. If population grows or if per capita consumption 
grows, then either more imports or more area will be needed. If 
yields increase then less imports or less area will be needed. The 
area in between the dashed lines shows the biophysical bound-
aries within which choices are made. These lines are dashed be-
cause they reflect uncertainty about future trends in population 
growth, diet change and yield increase. There is a clear trade-off 
between the political choice to reduce imports (which may re-
quire further area expansion) and the political choice to reduce 
area expansion (and remain dependent on international markets 
for imports). The biophysical boundaries within which this eco-
nomic, societal and political decision making will take place are 
still not well quantified.
The objective of this paper is to quantify the trade-offs be-
tween area expansion and import dependency at different lev-
els of yield increase and diet change. We present scenarios for 
the year 2025 for eight African countries. We choose this rela-
tively near time horizon since it is meaningful for most African 
policy makers. The objective of this study is to assess self-suf-
ficiency scenarios with a longer time horizon suffer from in-
creased uncertainty of population growth scenarios (Hop-
fenberg and Pimentel, 2001; Alexandratos, 2005; Dyer, 2013), 
increased uncertainty in estimates of available area (Andriesse, 
1986; Windmeijer and Andriesse, 1993; Young, 1999; Raman-
kutty et al., 2002; You et al., 2011; Byerlee et al., 2014), and un-
certainty about climate change impacts (which for rice in Af-
rica have not yet been clearly quantified). The choice of seven 
SSA countries was driven by the Global Yield Gap Atlas project 
(GYGA, http://www.yieldgap.org ) on which the results pre-
sented here are based. Egypt was included as a benchmark for 
an African country where yield gaps are expected to be small.
Figure 1. Trends in harvested area (a), yield (b), production/consumption (c) and population (d). (Based on USDA, 2014 and UN, 2014).
Figure 2. Conceptual model of trade-offs between area and imports, 
with effects of yield increase, population growth and growth in per 
capita consumption.
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2. Methods
We first describe a framework used for calculating rice self-suffi-
ciency at the national level in the eight countries (Burkina Faso, 
Egypt, Ghana, Mali, Nigeria, Tanzania, Uganda, and Zambia). 
We describe the method of selection of sites at subnational level, 
an approach used for calculations of actual and potential yields 
in each site, and input data used for the calculations. The ac-
tual and potential yields estimated at the subnational level were 
aggregated to the national level. We then provide the calcula-
tion methods for rice harvested area and consumption at na-
tional level.
2.1. Rice self-sufficiency
Self-sufficiency calculations can be reduced to a simple equation 
of production and consumption. We use the production–con-
sumption ratio (P/C) as an indicator of self-sufficiency, where a 
country is self-sufficient at P/C=1. Production depends on har-
vested area and yield, consumption depends on population and 
per-capita consumption. For a given consumption, we can cal-
culate what harvested area and yield levels are needed to make 
production meet consumption. Total rice production for a coun-
try was calculated as
Punmilled = HArf × Yrf + HAir × Yir                    (1)
where Punmilled is production (thousands of tons) of unmilled 
rice; HArf and HAir are harvested areas of rainfed and irrigated 
rice (thousands of hectares); Yrf is the yield of rainfed rice (t/ha 
unmilled rice, at 14% moisture content); and Yir is the same for 
irrigated rice. Three yield levels (Ya, Yw, and Yp) are considered:
Ya current average yield of unmilled rice, with Yarf and 
Yair for rainfed and irrigated systems, respectively.
Yp yield potential, determined by temperature and solar 
radiation during the crop production period, assum-
ing no limitations on water or nutrient supply and no 
loss of yield to toxicities, insects or other herbivores, 
diseases, or weeds; Yp was used as the benchmark for 
irrigated rice.
Yw water-limited yield potential, governed by tempera-
ture, solar radiation, rainfall, soil properties, and land-
scape position that govern root-zone water-holding 
capacity and runoff, assuming no limitations on crop 
yield due to nutrient deficiencies, toxicities, insects or 
other herbivores, diseases, or weeds; Yw was used as 
the benchmark for rainfed rice.
From these we calculated absolute yield gaps (Yp−Yair for 
irrigated rice and Yw−Yarf for rainfed rice) and relative yields 
Yair/Yp and Yarf/Yw. The distinction between irrigated rice and 
rainfed rice is important because actual yields and yield poten-
tial are much higher in irrigated rice. Within rainfed rice a dis-
tinction was made between rainfed upland and rainfed lowland. 
Rainfed upland soils are generally located higher in the land-
scape, have stronger drainage, and deeper groundwater levels 
in comparison with lowland. Soil fertility is often lower in up-
land soils compared to the lowlands. We calculated Yw sepa-
rately for upland and lowland conditions and then aggregated 
to rainfed Yw values using the relative areas of upland and low-
land rice area at each site (site selection and aggregation to na-
tional level is described in Section 2.2).
Total rice consumption is normally expressed in kilograms of 
milled rice. In rice milling, the husk and bran layers are removed 
to reveal the edible, white rice kernel. In this process, depend-
ing on the quality of the unmilled rice and the mills, 30–40% 
of the weight is removed. We calculated milled production as
Pmilled = 0.65 × Punmilled                             (2)
Domestic consumption or consumption depends on popu-
lation (expressed in millions) and per-capita consumption (kg 
person−1 year−1)
Cmilled = Population × Per capita consumption        (3)
where Dmilled is domestic consumption for milled rice (thou-
sands of tons). In the rice self-sufficiency scenarios we calcu-
lated what is needed to make production match consumption. 
We added to each production term a possible change in aver-
age yield and production area (Δ)
Cmilled = 0.65 × [(HArf + ΔHArf) × (Yarf + ΔYrf) 
+ (HAir + ΔHAir) × (Yair + ΔYir)]               (4)
Once three of the Δs are fixed, the fourth can be calculated, 
for example ΔHAir becomes
ΔHAir = [Cmilled/0.65 – (HArf + ΔHArf) 
× (Yarf + ΔYrf)]/(Yair + ΔYir) – HAir     (5)
Laborte et al. (2012), based on Koning and van Ittersum 
(2009), identify five ways to close the production gap: (1) ex-
pansion of land under cultivation, (2) intensification on exist-
ing farmland by growing two or three crops a year, (3) narrow-
ing the yield gap in farmers׳ fields through introducing new 
technologies, (4) raising the yield ceiling by introducing higher-
yielding cultivars, and (5) reducing postharvest losses. We con-
sider options 1–3 here, where option 1 is physical area expan-
sion and options 2 and 3 are intensification options.
Harvested area can be larger than physical area because in 
some areas two rice crops can be grown in the same field in one 
year. A national weighted average rice cropping intensity CIir 
was calculated weighted by areas under single and double rice 
cropping (see Section 2.2). For example, if CIir=1.6 then 60% of the 
farmers׳ fields will have two rice crops per year and 40% one 
rice crop per year. For a given value of CIir we can convert har-
vested area expansion (ΔHAir) into physical area expansion (ΔAir)
ΔAir = ΔHAir/CIir                                  (6)
For rainfed systems a similar equation (ΔArf = ΔHArf/CIrf) can 
be applied. However, our data indicated no double rice cropping 
in any of the rainfed rice areas, so a value of CIrf = 1 was used for 
all estimations of rainfed rice production. In the irrigated rice ar-
eas, CIir ranged from 1 to 2. There is anecdotal evidence of farmers 
growing three rice crops per year, but considering the tight pres-
sure that this puts on logistics and need to grow other crops, we 
do not consider triple rice crops a realistic option on a large scale. 
In Egypt, minimum temperatures are often below 15 °C from No-
vember to April (6 months). High levels of cold sterility can be ex-
pected at those temperatures, so intensification by shifting from 
one to two rice crops per year on the same land is not possible. 
Therefore for Egypt we did not allow CIir to increase. We assumed 
that intensification on existing farmland would only be possible 
on irrigated land in the tropical zone in African countries, and to 
a maximum of two crops per year (except Egypt for which CIir = 
1). Thus the maximum expansion of harvested area rice on exist-
ing irrigated rice land can be calculated as:
Max{ΔHAir}=Air×(2.0–CIir)                     (7)
Likewise we constrained maximum yield increases ΔYrf and 
ΔYir within biophysically and economically realistic bounds
Max{ΔYrf} = (0.8 × Ywrf) – Yarf                    (8)
Max{ΔYir} = (0.8 × Ypir) – Yair                    (9)
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We assumed that Yarf cannot increase to more than 80% of its 
climatic potential Ywrf and similarly 80% of Ypir for Yair (Cass-
man, 2001; Cassman et al., 2003; Lobell et al., 2009). In general, it 
is thought that the costs of increasing yields above 80% of yield 
potential generally do not outweigh the returns. In the scenario 
analyses, if yield increases from Yarf to 0.8Yw, Yair to 0.8Yp, and 
expansion of HAir through greater double cropping to Air × (2.0 
− CIir) results in rice production less than requirements, then rice 
self-sufficiency can only be achieved through area expansion. To 
calculate if and how much extra area would be needed, we in-
creased cropping intensity and yields (constrained by Equations 
(7), (8) and (9)) and then calculated how much extra area, rainfed 
or irrigated, would be needed. Because in many countries yields 
are still far below 80% of the climatic potential, we also con-
sidered scenarios of more modest and feasible yield increases 
(Saito et al., 2012, 2013; Haefele et al., 2013), increasing Yarf and 
Yair by 1.0 t ha−1 and 2.0 t ha−1, respectively (while not allowing 
yields to increase above the 80% level). These yield increases be-
tween 2012 and 2025 are equivalent to 77 and 156 kg ha−1 year−1 
of yield grow rate, respectively. We also considered the scenar-
ios of no yield increase (most pessimistic scenario) and the sce-
nario in which we extrapolated from the annual rate of yield in-
crease from 2007 to 2012.
In the following sections we describe how yields, areas, and 
current and future consumption were estimated.
2.2. Site selection and yields
Rationale and justification for the protocols used for collection 
and sources of yield, soil, and weather data, and for simulation 
and aggregating results to the national level are described in van 
Ittersum et al. (2013) and Van Wart et al. (2013a, 2013b, 2013c). 
Additional details on methods for selecting sites, calculating 
yields, and aggregating these to the national level are available 
on the GYGA website (GYGA, 2014). Here we describe the ap-
proach briefly.
Sites were selected using the Spatial Production Allocation 
Model (SPAM) land cover map (You and Wood, 2006; You et 
al., 2009), which distinguishes between irrigated and rainfed 
harvested crop areas. Weather stations were selected in major 
rice production regions and a buffer zone with a 100 km radius 
around each weather station was drawn using ArcGIS software. 
The number of buffer zones was such that total harvested rice 
area in the buffer zones covered at least 50% of the total national 
harvested rice area according to SPAM. In total 22 stations for 
irrigated rice and 29 for rainfed rice were selected. Within each 
buffer zone the relative share of rainfed upland, rainfed low-
land, and irrigated areas, the share of land under single and 
double rice cropping, sowing dates and length of growing pe-
riod for single and double crops, and recent actual yields Ya 
for each cropping period were estimated using data from Af-
rica Rice Center, its partners, and collaborators in the GYGA 
project. Yp and Yw were simulated with a modified version of 
the ORYZA2000 model (Bouman et al., 2001). The model was 
adapted because the existing model overestimated heat sterility 
in semi-arid conditions as found in some African countries (Ju-
lia and Dingkuhn, 2012, 2013; van Oort et al., 2014). Location-
specific simulated yields and observed actual yields from each 
weather station were aggregated to buffer zone, climate zone, 
and national level, weighted for the harvested area within the 
buffer zone and climate zone, respectively.
As input data for the model we used information on actual 
sowing dates and lengths of growing seasons specific for each 
site and system. We identified one major rice cultivar grown in 
each site and production system and then fixed crop duration of 
the cultivar in the simulations, since phenology parameters are 
not available for running the model. The model uses as input 
daily weather data: minimum and maximum temperature, ra-
diation, rainfall, wind speed, and early morning vapor pressure. 
Weather data were obtained from various sources and in some 
cases datasets were combined to create 10–20 years continuous 
time series (GYGA, 2014). Yields were simulated separately for 
each year and then averaged over all years for which weather 
data were available. While no soil data are required to simulate 
yields with irrigation because it is assumed that water is avail-
able in adequate supply throughout the growing season, rice 
simulation under rainfed conditions requires data on soil prop-
erties that govern water balance. Rice has a shallow root system 
(max. 40 cm) and greater sensitivity to drought than most crops, 
which means it is less dependent on how much water can be 
stored in soil and more dependent on the rate at which water en-
ters the soil (from rainfall, irrigation, and net run-on) and leaves 
the soil (drainage, evapotranspiration, and net run-off). A sen-
sitivity analysis of simulated yields as a function of several soil 
parameters identified groundwater table depth, percolation rate, 
presence of a plow pan, and puddling as the most important soil 
properties, which is consistent with previous studies (Bouman 
et al., 1994; Wopereis et al., 1994). To our knowledge, however, 
no global or national databases with data required to quantify 
these soil properties exist, even within international databases 
such as ISRIC (Batjes, 2012). Because of this lack of data, ge-
neric soil properties typical of many regions where rice is grown 
were assumed, one for upland soils and one for lowland soils. 
For both soils we assumed a soil water retention curve and hy-
draulic conductivity curve typical for a more clayey soil, for both 
we assumed no hardpan present and no puddling. Key differ-
ences were in the assumptions on groundwater level (lowland: 
0.2 m, upland: 10 m), percolation rate (lowland: 4 mm day−1, up-
land: 240 mm day−1) and bunds (lowland: 25 cm, upland: 0 cm).
2.3. Harvested rice area
Harvested rice area was obtained from the USDA production, 
supply and distribution database (USDA, 2014) for the most re-
cent year (2012), which we use as the baseline. According to this 
database, on average over the whole of Africa harvested rice 
area has expanded substantially since 2000, by 32% (Figure 1). 
The USDA database contains only total harvested area at a na-
tional level and does not distinguish between rainfed and irri-
gated areas. To estimate the fractions of irrigated and rainfed ar-
eas, we used areas of rainfed and irrigated rice from the SPAM 
map (You and Wood, 2006; You et al., 2009), which is based on 
land cover data (year 2000) and other sources. These were mul-
tiplied by our estimates of cropping intensity (CIrf and CIir) in 
each buffer zone to obtain the proportion of total harvested rice 
area that is rainfed or irrigated. For future scenarios, we as-
sumed these fractions did not change over time. Total harvested 
area of rainfed rice in 2012 (HArf, Eq. (1)) was thus calculated as 
total harvested area rice in 2012 (USDA)×fraction harvested area 
rainfed (SPAM) and likewise for irrigated area.
2.4. Consumption
Current per-capita rice consumption by country was calcu-
lated from 2012 consumption (USDA, 2014) and population 
(UN, 2014). On average, per-capita consumption has more than 
doubled in Africa, from 12 kg year–1 in 1960 to 27 kg year–1 
in 2012, which is still low in comparison with the average of 
103 kg year–1 for Asia (Mohanty, 2014). Great variation ex-
ists, however, from 3 kg year–1 in Zambia to 105 kg year–1 in 
Mali (Table 1). For the scenarios for the year 2025 we assumed 
population growth would follow the UN medium population 
growth variant (UN, 2014). The SSA population in 2100 is pro-
jected to become 6 times as large as in 2000 (Figure 1d). For 
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2025 relative to 2012, population for SSA is expected to increase 
by a factor 1.39. For the countries included in this study, popu-
lation is expected to increase by between factors of 1.2 (Egypt) 
and 1.52 (Zambia).
To calculate future rice consumption, we multiplied pop-
ulation by per-capita consumption. In one set of scenarios 
we assumed no change in diet, in the other set of scenar-
ios we extrapolated per-capita consumption from the trend 
in the period 2000–2012. In this period per-capita consump-
tion increased by 7–9% per year in Burkina Faso, Mali, and 
Zambia, 4–5% in Ghana and Nigeria, and 0% in Egypt, Tan-
zania, and Uganda.
2.5. Scenarios
The future for yield increase is uncertain, as is the future for 
diet change. Both are in part dependent on autonomous devel-
opment and to in part they may be influenced by policy mak-
ers. For example, increased investments in subsidies on inputs 
(seeds, fertilizer, pesticides, etc.) can lead to increased yields. 
To cope with uncertainties in future yield and diet change we 
included a range of scenarios for yield increase and a two sce-
narios for diet change. In the most pessimistic scenario, yields 
would stagnate. In the middle scenarios yields would continue 
to increase following the trend since 2007 (Table 2). These trends 
are of a similar order of magnitude as the scenarios of 1 or 
2 t ha−1 of yield increase from 2012 to 2025, which corresponds 
with average trends of 78 or 156 kg ha–1 year–1. These two yield 
trends are lower and higher than the recent yield trend in SSA 
of about 100 kg ha–1 year–1 since 2007 (Seck et al., 2013). In SSA, 
even with a 1 or 2 t ha−1 yield increase, the yields would still be 
far below the biophysical maximum (Figure 3). At the biophys-
ical and economic extreme end of the spectrum yields could be 
increased to 80% of potential (Yw or Yp).
3. Results
3.1. Current situation
On average over all simulated sites, all cropping patterns (wet or 
dry season cropping), and all production systems, actual yields 
are only 38% of their potential and within a range of 10–70% ex-
cept for the Nile Delta in Egypt, where actual yield is about 80% 
of Yp (Figure 3). In SSA, actual yields in rainfed systems range 
from 1 to 3 t ha−1, while actual yields in irrigated systems range 
from 2 to 6 t ha−1. In irrigated systems, actual and potential 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
yields are higher in the dry season than in the wet season. Rela-
tive yields (Ya/Yw for rainfed and Ya/Yp for irrigated) are low-
est in the rainfed upland and lowland (average 0.27), followed 
by irrigated lowland in the wet season (0.4), and irrigated low-
land in the dry season (0.55).
The production–consumption ratios (P/C) in 2012 ranged 
from 0.16 to 1.18 in the eight African countries (Table 1). Egypt 
is more than self-sufficient, and Mali, Tanzania, and Uganda are 
close to being self-sufficient (Table 1). In contrast, Burkina Faso, 
Ghana, Nigeria, and Zambia are far from being self-sufficient. 
Table 2 and Figure 1 show high rates of yield increase since 2007. 
These rates of yield increase are still far lower than in the sce-
nario where yields in 2025 are at 80% of Yw or Yp (Table 2). To 
achieve yields of 80% of Yw or Yp by 2025 would require a sig-
nificant acceleration relative to the current yield trend (Table 2). 
It is questionable whether this is realistic to expect.
3.2. Scenarios 2025
The trade-off between area used for rice and imports, based on 
Tables 1–5, is shown in Figure 4. The black dot in the middle is the 
situation in 2012. We describe Burkina Faso as an example. The 
left pane shows that at current yield trends and unchanged diet, 
imports or area would need to increase a bit (blue line). In case 
Table 1. Rice self-sufficiency for current consumption under different production scenarios.
 Consumption        Production              Imports        Production/                         Consumptiona 
 (Mt) in 2012      (Mt) in 2012        (Mt) in 2012        consumption          (kg person−1 year−1)
                        (P/C)                    2012                  2025
Burkina Faso 0.64 0.32 0.32 0.49 25 35
Ghana 1.46 0.24 1.22 0.16 37 45
Mali 2.39 2.14 0.25 0.89 105 156
Nigeria 9.13 4.81 4.32 0.53 35 44
Tanzania 1.69 1.41 0.28 0.83 23 24
Uganda 0.27 0.27 0 0.99 5 5
Zambia 0.06 0.04 0.02 0.57 3 5
Egypt 6.00 7.10 −1.1 1.18 48 51
Total 21.65 16.32 5.33 0.75  
Tot. excl. Egypt 15.65 9.22 6.43 0.59  
Sources: a. USDA (2014) and UN (2014).
Table 2. Recent yield trend and yield trend needed to achieve 80% 
of the potential.
       Yield trend 2007–2012         Yield trend needed to get 
                                (kg ha−1 year−1)a         from Ya to 80% of Yp or 
                                               Yw  from 2012 to 2025  
                                                                      (kg ha−1 year−1)b
                                                    Rainfed         Irrigated
Burkina Faso 88 254 277
Ghana 169 431 305
Mali 127 198 305
Nigeria 117 295 382
Tanzania −108 246 306
Ugandac 29 211 
Zambiac 196 529 
Egyptc −229  −18
Sources: a. USDA (2014). b. GYGA (2014). c. For Uganda and Zambia 
there are currently no large areas used for irrigated rice production. 
There is no rainfed agriculture in Egypt.
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of no area expansion, imports would increase from 0.32 Mt/year 
(Table 1) to 0.42 Mt/year (Table 3) or in case of striving for full 
self-sufficiency, area would need to increase. Table 5 shows that 
either rainfed area would need to increase from 87 to 248 thou-
sand hectares or irrigated area increase from 33 to 87 thousand 
hectares. For Burkina Faso with the current yield trend and in-
creased per capita consumption (from 25 to 35 kg/person/year, 
Table 1), large increases in area and/or imports would be needed 
(red line). Thus diet changes can have a large impact on pro-
jections of future import and area needs (red vs. blue line). In 
2012 the Burkina Faso P/C ratio was 0.49, indicating a high de-
pendence on imports (Table 1, Figure 4 right pane). If for polit-
ical or economic reasons a higher P/C ratio is desired then the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
associated extra area can be looked up in Figure 4 in the right 
pane. For example a P/C ratio of 0.8 can be achieved by increas-
ing irrigated area from 0.033 Mha to around 0.065 Mha (blue line) 
or 0.100 Mha (red line). The green and purple graphs in Figure 4 
show the trade-off between area and imports or P/C ratios in case 
yields are increased to 80% of the biophysical potential.
The right panes in Figure 4 show how self-sufficiency in rel-
ative terms would change under different scenarios of yield 
increase and change in area, for all the 8 countries. With cur-
rent rates of yield increase, none of the countries can become 
fully self-sufficient in rice without area expansion (Figure 4, 
red and blue lines). With maximally accelerated rates of yield 
increase over 2012–2025, five countries could become net ex-
porters (Figure 4, green and purple lines). For Burkina Faso, 
Ghana, Nigeria and Zambia, which are far from being self-suf-
ficient in rice in 2012, self-sufficiency ratios would still remain 
below far below one at current yield trends. For Mali, Tanza-
nia and Uganda, close to being self-sufficient in rice in 2012, the 
scenarios differ between countries. For Mali, self-sufficiency 
would stay the same in case of no diet change; self-sufficiency 
would strongly decrease in case of diet change. For Tanza-
nia and Uganda projected changes in diet are small. Under 
both scenarios, self-sufficiency would dramatically decrease. 
But with rates of yield increase of 1 t/ha, these two countries 
could still remain self-sufficient without additional area expan-
sion (Table 4). Egypt was a net exporter in 2012 (Table 1: P/
C=1.18). With projected population increase and no change in 
rice area, the country would change into a small net importer 
(Table 4: P/C=0.92–0.99).
Although full self-sufficiency may not be economically opti-
mal, or politically realistic, the analysis of the extra required area 
in the extreme case of full self-sufficiency provides an indica-
tion of how much extra area would be needed at most. Rainfed 
area would need to become on average over the eight countries 
2.5 times as large (Table 5: 7562/2990), ranging between 1.4 in 
Uganda and Zambia to 4.3 in Burkina Faso and Ghana. If expan-
sion were to come from irrigated area only, irrigated area would 
on average need to expand by a factor 2.5 (3.4 excluding Egypt), 
ranging between 1.1 in Egypt to 19.2 in Ghana. The required rel-
ative expansion in Ghana from irrigated land is large because 
there is relatively little irrigated land, so irrigated land contrib-
utes very little to total production. For Burkina Faso, Ghana, 
Figure 3. Simulated and actual yields for all sites in Africa simulated 
in the Global Yield Gap Atlas (GYGA) project. Lines shown are the 
1:1 line, relative yields at 10% and 70% of potential yields, and the re-
gression line through all data points.
Table 3. Imports for scenarios 2025 with no area expansion. (Mt rice at 14% moisture)
                                              Current diet                                                    Diet extrapolated based on trend 2000–2012
                             No yield    Y trend     Yield         Yield        Yield to       80%+           No yield      Y trend      Yield         Yield         Yield to        80%+ 
                             increase      ’07–’12     +1 t ha−1   +2 t ha−1    80% of        double         increase       ‘07–’12     +1 t ha−1    +2 t ha−1    80% of        double  
                                                                                                      Yp orYw      crop                                                                                          Yp orYw         crop
Burkina Faso 0.60 0.42 0.45 0.29 0.07 0.07 0.95 0.77 0.79 0.64 0.42 0.42
Ghana 1.64 1.26 1.47 1.30 0.72 0.68 2.04 1.66 1.87 1.70 1.11 1.08
Mali 1.46 0.38 0.81 0.16 −0.79 −2.85 3.20 2.13 2.55 1.90 0.96 −1.11
Nigeria 8.16 4.73 3.66 3.66 −1.36 −7.14 11.59 8.15 7.09 7.09 2.07 −3.71
Tanzania 1.04 1.04 0.09 −0.86 −2.05 −2.20 1.17 1.17 0.22 −0.73 −1.93 −2.07
Uganda 0.14 0.09 0.00 −0.14 −0.24 −0.24 0.15 0.10 0.01 −0.13 −0.23 −0.23
Zambia 0.06 −0.02 0.03 0.00 −0.15 −0.15 0.12 0.05 0.09 0.06 −0.08 −0.08
Egypt 0.10 0.10 0.10 0.10 0.28 0.28 0.47 0.47 0.47 0.47 0.64 0.64
Total 13.20 8.02 6.61 4.52 −3.52 −11.54 19.69 14.50 13.09 11.00 2.96 −5.06
Total excl. Egypt 13.10 7.91 6.51 4.41 −3.80 −11.82 19.22 14.03 12.63 10.53 2.32 −5.70
No yield increase=yields fixed to levels as reported in the GYGA project; Y trend ‘07–’12=yields from GYGA-projected increase following annual 
national trend from 2007 to 2012 derived from USDA (2014); Yield +1 t ha−1=all yields from GYGA increased by 1 t ha−1; Yield +2 t ha−1=all yields 
from GYGA increased by 2 t ha−1; Yield to 80%=yields increased to 80% of the biophysical potential (Yw or Yp); 80%+double crop=yields increased 
to 80% of the biophysical potential and cropping intensity on irrigated land increased from current CIir to CIir=2 (except for Egypt: CIir=1).
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Mali, Nigeria, and Tanzania, rice physical area in 2025 would 
need to more than double to achieve self-sufficiency.
4. Discussion
Yield gap assessment for rice production in eight African coun-
tries coupled with analysis of current and future rice production–
consumption scenarios led to the following conclusions: (1) the 
production–consumption ratios (P/C) in 2012 ranged from 0.16 
to 1.18. One country was more than self-sufficient, three were 
close to being self-sufficient and four countries are far from being 
self-sufficient in rice (2) there are large yield gaps between poten-
tial and actual yields except for Egypt; (3) with the current trends 
in yield, consumption, and population growth, none of countries 
can achieve rice self-sufficiency in 2025 without additional area 
expansion; (4) even with raising rice yield level to 80% of the po-
tential and with double cropping in irrigated systems, self-suf-
ficiency cannot be achieved without area expansion in Burkina 
Faso, Ghana, and Egypt; (5) for other countries, it is theoretically 
possible to achieve rice self-sufficiency at a national level in 2025 
without area expansion by increasing yields to 80% of their bio-
physical potential plus double cropping in irrigated systems; 
Table 4. Production/consumption (P/C) for scenarios 2025 with no area expansion.
                                                                  Current diet                                                                 Diet extrapolated based on trend 2000–2012
                             No yield    Y trend     Yield         Yield        Yield to       80%+           No yield     Y trend         Yield           Yield        Yield to      80%+ 
                             increase      ’07–’12     +1 t ha−1   +2 t ha−1    80% of        double         increase      ‘07–’12       +1 t ha−1     +2 t ha−1    80% of        double  
                                                                                                      Yp orYw      crop                                                                                            Yp orYw       crop
Burkina Faso 0.35 0.54 0.51 0.68 0.92 0.92 0.25 0.39 0.37 0.50 0.67 0.67
Ghana 0.13 0.33 0.22 0.31 0.62 0.64 0.10 0.27 0.18 0.25 0.51 0.52
Mali 0.59 0.89 0.78 0.96 1.22 1.79 0.40 0.60 0.52 0.64 0.82 1.21
Nigeria 0.37 0.64 0.54 0.72 1.10 1.55 0.29 0.50 0.43 0.57 0.87 1.23
Tanzania 0.57 0.57 0.96 1.35 1.84 1.90 0.55 0.55 0.91 1.28 1.75 1.80
Uganda 0.65 0.78 1.00 1.34 1.59 1.59 0.63 0.76 0.97 1.30 1.55 1.55
Zambia 0.38 1.18 0.69 1.01 2.54 2.54 0.22 0.70 0.41 0.60 1.51 1.51
Egypt 0.99 0.99 0.99 0.99 0.96 0.96 0.94 0.94 0.94 0.94 0.92 0.92
Total 0.55 0.73 0.70 0.85 1.12 1.39 0.45 0.60 0.57 0.69 0.92 1.14
Total excl. Egypt 0.41 0.65 0.61 0.80 1.17 1.53 0.32 0.51 0.48 0.63 0.92 1.20
No yield increase=yields fixed to levels as reported in the GYGA project; Y trend ‘07–’12=yields from GYGA-projected increase following annual 
national trend from 2007 to 2012 derived from USDA (2014); Yield +1 t ha−1=all yields from GYGA increased by 1 t ha−1; Yield +2 t ha−1=all yields 
from GYGA increased by 2 t ha−1; Yield to 80%=yields increased to 80% of the biophysical potential (Yw or Yp); 80%+double crop=yields increased 
to 80% of the biophysical potential and cropping intensity on irrigated land increased from current CIir to CIir=2 (except for Egypt: CIir=1).
Table 5. Required physical area (ha×1000) for full rice self-sufficiency with projected population in the year 2025.
                                      Existing rainfed              Rainfed area neededa with                 Existing irrigated                Irrigated area and  with 
                                           physical area            irrigated rice area unchanged                 physical area               rainfed rice area unchanged
                                                                       ‘07–’12 rate of yield      yields increased                                        ‘07–’12 rate of yield        yields increased 
                                                                          increase, current          to 80% of Yp or                                            increase, current           to 80% of Yp or 
                                                                         cropping intensity         Yw and CIir=2                                            cropping intensity          Yw and CIir=2
  Current  Current   Current  Current    Current  Current   Current  Current 
  diet  +trend  diet  +trend    diet  +trend  diet  +trend
Burkina Faso 87 248 379 102 174 33 87 131 39 66
Ghana 152 524 641 258 316 11 164 212 60 89
Mali 238 319 686 99 406 346 410 700 152 271
Nigeria 1465 2805 3777 1232 1819 785 1989 2862 300 533
Tanzania 878 1746 1853 411 440 44 174 190 0 0
Ugandac 140 178 184 88 90     
Zambiac 30 25 43 12 20     
Egyptc      740 751 788 770 809
Total 2990 5845 7562 2201 3266 1960 3575 4883 1322 1768
Total ex Egypt 2990 5845 7562 2201 3266 1220 2824 4095 552 959
Total/current  2.0 2.5 0.7 1.1  1.8 2.5 0.7 0.9
Total excl. Egypt/current  2.0 2.5 0.7 1.1  2.3 3.4 0.5 0.8
a. Note the table shows total area needed, not extra area needed. For example if only rainfed area expands, yields increase at the ′07–′12 rate and 
diet remains unchanged, then for Burkina Faso in total 248×1000 ha rainfed rice area would be needed to achieve full self sufficiency. That would 
mean the rainfed rice area would increase by a factor 248/87=2.9 and the extra area needed would be (248−87)×1000 ha=161×1000 ha.
b. For irrigated rice we first calculated existing harvested area+expansion (Equation (5)) and from that physical area (Equation (6)).
c. For Uganda and Zambia there are currently no large areas used for irrigated rice production. There is no rainfed agriculture in Egypt.
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(6) further research is needed on where future expansion of rice 
production can best take place (7) further economic analysis is 
needed on the trade-off between area expansion and imports.
Our estimated yield gaps are in the same range of yield gaps 
in previous studies in Africa (Becker et al., 2003; Hijmans and 
Serraj; Saito et al., 2013). Yield gap analyses have been criti-
cized for lacking relevance (Sumberg, 2012). As van Ittersum 
et al. (2013) note, yield gap analysis alone is not enough, com-
plementary research is also needed. It is, for example, of lim-
ited relevance to know that at a given location the yield gap 
is 5 t ha−1. More important is how the yield gap can be closed, 
which requires on-the-ground research into socioeconomic and 
biophysical constraints and solutions (e.g. Haefele et al., 2013; 
Saito et al., 2012, 2013; Kumashiro et al., 2013; Tanaka et al., 
2013; Nhamo et al., 2014) and effective policies (e.g. see Ander-
son and Masters, 2009; Fuglie and Rada, 2013).
Achieving 80% of biophysical potential yields by 2025 would 
require much larger growth rates than currently the case (Ta-
ble 2). Furthermore, they are higher than the rates observed in 
green revolution period in Asia (Cassman, 1999), and in Egypt 
(around 250 kg/ha/year over 1985–2003). This previous high 
yield growth rate in Egypt was attributed to (i) a physically con-
centrated rice industry; (ii) strong research and extension ef-
fort; (iii) policy reform (from the late 1980s) that removed price 
Figure 4. Trade-off between area use and imports (left panes) or self-sufficiency P/C ratio (right panes). The black dot is the situation in 2012. 
Colored graphs are trade-off curves based on data presented in Tables 1-5:blue = ׳07-׳12 rate of yield increase, current cropping intensity, cur-
rent diet; red = ׳07-׳12 rate of yield increase, current cropping intensity, changed diet; green = yields increased to 80% of Yp or Yw and CIir = 
2, current diet; purple = yields increased to 80% of Yp or Yw and CIir = 2, changed diet.
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disincentives for rice (Cassing et al., 2007). Saito et al. (expect-
ing same volume as this paper) pointed out importance of the 
share of irrigated rice area for higher yield growth at national 
level. Thus, as irrigated rice share is still low in most of coun-
tries, it is questionable whether it is realistic to expect such ac-
celerated rates of yield increase at national level unless irrigated 
rice area will be expanded dramatically through upgrading rain-
fed rice into irrigated rice.
Our analyses revealed that in most of the countries full rice 
self-sufficiency cannot be achieved if the more modest and 
probably more realistic scenarios of yield increase come true. 
As noted, it is not self-evident that every African government 
should strive for full self-sufficiency in rice (see our concep-
tual Figure 2 discussed in the introduction). Rather, economic, 
societal and political decision making will take place within 
the biophysical boundaries identified in this paper. Politicians 
may decide to remain to a greater or lesser degree dependent 
on imports. If politicians consider future dependence on im-
ports (Table 3) unacceptably high, or future P/C ratios (Table 
4) unacceptably low then area expansion or reconsidering tar-
geted yield levels will be needed. This is an important outcome 
in the context where great ambitions exist to increase rice pro-
duction (Seck et al., 2012, 2013; http://www.riceforafrica.org ) 
and where at the same time there are hopes that this could be 
achieved without large claims on unused land (Tilman et al., 
2002; Cassman et al., 2003; Koning and van Ittersum, 2009; Foley 
et al., 2011; Pretty et al., 2011; Ramankutty and Rhemtulla, 2012; 
Garnett et al., 2013; Hall and Richards, 2013).
Figure 4. (continued)
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When the choice is for a certain degree of area expansion, 
the question arises of how much is available. There exists large 
uncertainty about how much area is potentially available (An-
driesse, 1986; Windmeijer and Andriesse, 1993; Young, 1999; Ra-
mankutty et al., 2002; You et al., 2011; Byerlee et al., 2014). Iden-
tification of “unused” areas is not enough. Additional research is 
also needed on whether rice is biophysically and economically 
the optimal crop in such “unused” areas. Some studies have es-
timated potential crop area with water balances and without 
considering the possibility that two crops per year may be pos-
sible if temperatures and irrigation water supply permit. From 
such studies it remains unclear whether there is also enough 
water for two crops in potential new irrigation areas and thus 
they may be underestimating the potential harvested area. Some 
studies have considered areas as potentially suitable based on 
soil conditions and rainfall, without considering distance to mar-
kets, costs of bringing new areas into cultivation and important 
soil variables. As a result, for the calculated areas needed for 
achieving full self-sufficiency in rice (Table 5) we could not ver-
ify whether potentially enough area would be available. There-
fore, identification of most suitable new land for conversion to 
rice production as well as identification of areas that should 
have priority for being protected from conversion to preserve 
critical natural resources and biodiversity are the first steps to-
wards sustainable area expansion.
Acknowledgments — We acknowledge support from all members of 
the Global Yield Gap Atlas (GYGA (Grant no. OPPGD1418)) project 
for their various inputs, and to the Bill and Melinda Gates Founda-
tion for funding support. We also thank C. Adda, K. Ahounanton, A. 
Diagne, B. Cissé, R. El-Namaky, J-M. Johnson, S. Shrestha, K. Traoré, 
K. Senthilkumar (AfricaRice), H. Asai, Y. Tsujimoto (JIRCAS), M. Ka-
suya, K. Kurihara, K. Tokida, M. Tomitaka, T. Tsuboi, S. Matsumoto 
(JICA), Y. Nakano (University of Tsukuba), Z. Sedga (INERA), I. Mossi 
Maïga (INRAN), R.K. Bam (CRI), W. Dogbe (SARI), G.J. Kajiru (Min-
istry of Agriculture, Food Security), D. Nanfumba (NARO), and O.S. 
Bakare (NCRI) for providing local information on rice growing envi-
ronments, crop management, and actual yield and supporting data 
collection. We acknowledge S.J. Zwart for his helpful comments on 
an earlier draft of this paper.
References
Alexandratos, 2005  N. Alexandratos, Countries with rapid pop-
ulation growth and resource constraints: issues of food, agricul-
ture, and development, Popul. Dev. Rev., 31 (2) (2005), pp. 237–258 
Anderson and Masters, 2009  K. Anderson, W.A. Masters (Eds.), 
Distortions to Agricultural Incentives in Africa, The World Bank, 
Washington DC, US (2009) 
Andriesse, 1986  W. Andriesse, “Area and distribution” in A.R.S. 
Juo, J.A. Lowe (eds.), The Wetlands and Rice in Sub-Saharan Africa. 
Proceedings of an International Conference, Ibadan, Nigeria, November 
1985, International Institute of Tropical Agriculture, Ibadan, Ni-
geria (1986), pp. 15–30
Balmford et al., 2005   A. Balmford, R.E. Green, J.P.W. Schar-
lemann, Sparing land for nature: exploring the potential impact 
of changes in agricultural yield on the area needed for crop pro-
duction, Glob. Change Biol., 11 (10) (2005), pp. 1594–1605; doi: 
10.1111/j.1365-2486.2005.01035.x
Batjes, 2012  N.H. Batjes, ISRIC WISE Derived Soil Properties on a 5 by 
5 arc-minutes Global Grid (ver. 1.2). Report 2012/01, ISRIC – World 
Soil Information, Wageningen, Netherlands (2012)
Becker et al., 2003  M. Becker, D.E. Johnson, M.C.S. Wopereis, A. 
Sow, Rice yield gaps in irrigated systems along an agro-ecological 
gradient in West Africa, J. Plant Nutr. Soil Sci., 166 (2003), pp. 61–67
Bouman et al., 1994  B.A.M. Bouman, M.C.S. Wopereis, M.J. Kropff, 
H.F.M. ten Berge, T.P. Tuong, Water use efficiency of flooded rice 
fields. II. Percolation and seepage losses, Agric. Water Manag., 26 
(1994), pp. 291–304; doi: 10.1016/0378-3774(94)90015-9
Bouman et al., 2001  B.A.M. Bouman, M.J. Kropff, T.P. Tuong, 
M.C.S. Wopereis, H.F.M. ten Berge, H.H. Van Laar, ORYZA2000: 
Modeling Lowland Rice. International Rice Research Institute, Los 
Baños, Philippines and Wageningen University and Research Cen-
ter, Wageningen, Netherlands, 2001..
Byerlee et al., 2014  D. Byerlee, J. Stevenson, N. Villoria, Does in-
tensification slow crop land expansion or encourage defores-
tation, Glob. Food Secur., 3 (2) (2014), pp. 92–98; doi: 10.1016/j.
gfs.2014.04.001
Cassing et al., 2007  J. Cassing, S. Nassar, G. Siam, H. Moussa, Dis-
tortions to agricultural incentives in Egypt. Agricultural Distor-
tions Working Paper 36, December 2007. World Bank Develop-
ment Research Group, Washington, DC, 2007.
Cassman, 1999  K. Cassman, Ecological intensification of cereal pro-
duction systems: yield potential, soil quality, and precision agri-
culture, Proc. Natl. Acad. Sci., 96 (1999), pp. 5952–5959 
Cassman, 2001  K.G. Cassman, “Crop science research to assure 
food security” in J. Noesberger, H. Geiger, P. Struik (eds.), Crop 
Science: Progress and Prospects, CAB International, Wallingford, UK 
(2001), pp. 33–51
Cassman et al., 2003  K.G. Cassman, A. Dobermann, D.T. Walters, 
H.S. Yang, Meeting cereal demand while protecting natural re-
sources and improving environmental quality, Annu. Rev. Envi-
ron. Resour., 28 (2003), pp. 315–358
Dyer, 2013  Dyer, G., 2013. Preposterous Population Forecasts for Af-
rica. http://gwynnedyer.com/2013/world-population-the-afri-
can-exception/  (accessed June 25, 2014).
Foley et al., 2011  J.A. Foley, N. Ramankutty, K.A. Brauman, E.S. 
Cassidy, J.S. Gerber, M. Johnston, N.D. Mueller, C. O׳Connell, 
D.K. Ray, P.C. West, C. Balzer, E.M. Bennett, S.R. Carpenter, J. 
Hill, C. Monfreda, S. Polasky, J. Rockstrom, J. Sheehan, S. Siebert, 
D. Tilman, D.P. Zaks, Solutions for a cultivated planet, Nature, 478 
(2011), pp. 337–342; doi: 10.1038/nature10452
Fuglie and Rada, 2013  Keith O.Fuglie and Nicholas E. Rada, Re-
sources, Policies, and Agricultural Productivity in Sub-Saharan Af-
rica, ERR-145, U.S. Department of Agriculture, Economic Re-
search Service, 145, 2013, 1–178; http://ageconsearch.umn.edu/
bitstream/145368/2/err145.pdf 
Garnett et al., 2013  T. Garnett, M.C. Appleby, A. Balmford, I.J. 
Bateman, T.G. Benton, P. Bloomer, B. Burlingame, M. Dawkins, L. 
Dolan, D. Fraser, M. Herrero, I. Hoffmann, P. Smith, P.K. Thorn-
ton, C. Toulmin, S.J. Vermeulen, H.C.J. Godfray,  Sustainable inten-
sification in agriculture: premises and policies, Science, 341 (6141) 
(2013), pp. 33–34
GYGA, 2014  GYGA, 2014. Global Yield Gap Analysis [homepage]. 
http://www.yieldgap.org  (accessed May 17, 2014).
Haefele et al., 2013  S.M. Haefele, K. Saito, K.M. N׳Diaye, F. Muss-
gnug, A. Nelson, M.C.S. Wopereis, “Increasing rice productivity 
through improved nutrient use in Africa” in M.C.S. Wopereis, 
D.E. Johnson, N. Ahmadi, E. Tollens, A. Jalloh (eds.), Realizing 
Africa׳s Rice Promise, CAB International, Wallingford, UK (2013), 
pp. 250–264
Hall and Richards, 2013  A.J. Hall, R.A. Richards, Prognosis for 
genetic improvement of yield potential and water-limited yield 
of major grain crops, Field Crop Res., 143 (2013), pp. 18–33; doi: 
10.1016/j.fcr.2012.05.014
Hijmans and Serraj, 2009  R.J. Hijmans and R. Serraj, “Modeling 
spatial and temporal variation of drought in rice production” in R. 
Serraj, J. Bennett, B. Hardy (eds.), Drought Frontiers in Rice: Crop Im-
provement for Increased Rainfed Production. World Scientific Publish-
ing, Singapore; International Rice Research Institute, Los Baños, 
Philippines, 2009, pp. 19–31; doi: 10.1142/9789814280013_0002.
r i c e  s e l f - s u f f i c i e n c y  i n  2025 i n  e i g h t  a f r i c a n  c O u n t r i e s   11
Hopfenberg and Pimentel, 2001  R. Hopfenberg, D. Pimentel, Hu-
man population numbers as a function of food supply, Environ. 
Dev. Sustain., 3 (1) (2001), pp. 1–15; doi: 10.1023/A:1011463231976
Julia and Dingkuhn, 2012  C. Julia, M. Dingkuhn, Variation in time 
of day of anthesis in rice in different climatic environments, Eur. J. 
Agron., 43 (2012), pp. 166–174; doi: 10.1016/j.eja.2012.06.007
Julia and Dingkuhn, 2013  C. Julia, M. Dingkuhn, Predicting tem-
perature induced sterility of rice spikelets requires simulation of 
crop-generated microclimate, Eur. J. Agron., 49 (2013), pp. 50–60; 
doi: 10.1016/j.eja.2013.03.006
Koning and van Ittersum, 2009  N. Koning, M.K. van Ittersum, Will 
the world have enough to eat?, Curr. Opin. Environ. Sustain., 1 (1) 
(2009), pp. 77–82; doi: 10.1016/j.cosust.2009.07.005
Kumashiro et al., 2013  T. Kumashiro, K. Futakuchi, M. Sié, M.-N. 
Ndijondjop, M.C.S. Wopresis, “A continent-wide, product-oriented 
approach to rice breeding in Africa” in M.C.S. Wopereis, D.E. John-
son, N. Ahmadi, E. Tollens, A. Jalloh (eds.), Realizing Africa׳s Rice 
Promise, CAB International, Wallingford, UK (2013), pp. 69–78
Laborte et al., 2012  A.G. Laborte, C.A.J.M. de Bie, E.M.A. Smal-
ing, P.F. Moya, A.A. Boling, M.K. van Ittersum, Rice yields and 
yield gaps in Southeast Asia: past trends and future outlook, Eur. 
J. Agron., 36 (2012), pp. 9–20; doi: 10.1016/j.eja.2011.08.005
Lobell et al., 2009  D. Lobell, K. Cassman, B.C. Field, Crop yield 
gaps: their importance, magnitudes, and causes, Annu. Rev. En-
viron. Resour., 34 (2009), pp. 179–204; doi: 10.1146/annurev.
environ.041008.093740
Mohanty, 2014  S. Mohanty, Trends in global rice consumption, Rice 
Today, 12 (1) (2014), pp. 44–45; http://irri.org/rice-today/trends-
in-global-rice-consumption (accessed May 17, 2014)
Nhamo et al., 2014  N. Nhamo, J. Rodenburg, N. Zenna, G. Ma-
kombe, A. Luzi-Kihupi, Narrowing the rice yield gap in east and 
Southern Africa: using and adapting existing technologies, Agric. 
Syst., 131 (2014), pp. 45–55; doi: 10.1016/j.agsy.2014.08.003
Pretty et al., 2011  J. Pretty, C. Toulmin, S. Williams, Sustainable 
intensification in African agriculture, Int. J. Agric. Sustain., 9 (1) 
(2011), pp. 5–24; doi: 10.3763/ijas.2010.0583
Ramankutty and Rhemtulla, 2012  N. Ramankutty & J. Rhemtulla, 
Can intensive farming save nature, Front. Ecol. Environ., 10 (9) 
(2012), p. 455; doi: 10.2307/41811840
Ramankutty et al., 2002  N. Ramankutty, J.A. Foley, J. Norman, K. 
McSweeney, The global distribution of cultivable lands: current 
patterns and sensitivity to possible climate change, Glob. Ecol. Bio-
geogr., 11 (5) (2002), pp. 377–392
Saito et al., 2012  K. Saito, Y. Sokei, M.C.S. Wopereis, Enhancing 
rice productivity in West Africa through genetic improvement, 
Crop Sci., 52 (2012), pp. 484–494; doi: 10.2135/cropsci2010.12.0734
Saito et al., 2013  K. Saito, A. Nelson, S. Zwart, A. Niang, A. Sow, 
H. Yoshida, M.C.S. Wopereis, “Towards a better understanding of 
biophysical determinants of yield gaps and the potential for expan-
sion of rice-growing area in Africa” in M.C.S. Wopereis, D.E. John-
son, N. Ahmadi, E. Tollens, A. Jalloh (eds.), Realizing Africa׳s Rice 
Promise, CAB International, Wallingford, UK (2013), pp. 187–202
Seck et al., 2012  P.A. Seck, A. Diagne, S. Mohanty, M.C.S. Wopereis, 
Crops that feed the world 7: Rice, Food Secur., 4 (2012), pp. 7–24; 
doi: 10.1007/s12571-012-0168-1
Seck et al., 2013  P.A. Seck, A.A. Touré, J. Coulibaly, A. Diagne, 
M.C.S. Wopereis, “Africa׳s rice economy before and after the 2008 
rice crisis” in M.C.S. Wopereis, D.E. Johnson, N. Ahmadi, E. Tol-
lens, A. Jalloh (eds.), Realizing Africa׳s Rice Promise, CAB Interna-
tional, Wallingford, UK (2013), pp. 24–34
Sumberg, 2012  J. Sumberg, Mind the (yield) gap(s), Food Secur., 4 
(4) (2012), pp. 509–518; doi: 10.1007/s12571-012-0213-0
Tanaka et al., 2013  A. Tanaka, K. Saito, K. Azoma, K. Kobayashi, 
Factors affecting variation in farm yields of irrigated lowland rice 
in southern-central Benin, Eur. J. Agron., 44 (2013), pp. 46–53; doi: 
10.1016/j.eja.2012.08.002
Tilman et al., 2002  D. Tilman, K.G. Cassman, P.A. Matson, R. Nay-
lor, S. Polasky, Agricultural sustainability and intensive produc-
tion practices, Nature, 418 (6898) (2002), pp. 671–677; doi: 10.1038/
nature01014
UN, 2014  UN (United Nations), 2014. World Population Prospects: The 
2012 Revision. http://esa.un.org/wpp/   (accessed May 17, 2014)
USDA, 2014  USDA, Production, Supply and Distribution (PSD) on-
line [database], Foreign Agricultural Service, United States Depart-
ment of Agriculture (2014); http://www.fas.usda.gov/psdonline/ 
(accessed April 20, 2013) 
van Ittersum et al., 2013  M.K. van Ittersum, K.G. Cassman, P. Gras-
sini, J. Wolf, P. Tittonell, Z. Hochman, Yield gap analysis with lo-
cal to global relevance – A review, Field Crop. Res., 143 (2013), pp. 
4–17; doi: 10.1016/j.fcr.2012.09.009
van Oort et al., 2014  P.A.J. van Oort, K. Saito, S.J. Zwart, S. Shres-
tha, A simple model for simulating heat induced sterility in rice 
as a function of flowering time and transpirational cooling, Field 
Crop. Res., 156 (2014), pp. 303–312; doi: 10.1016/j.fcr.2013.11.007
Van Wart et al., 2013a  J. Van Wart, P. Grassini, K.G. Cassman, Im-
pact of derived global weather data on simulated crop yields, Glob. 
Change Biol., 19 (2013), pp. 3822–3834 
Van Wart et al., 2013b  J. Van Wart, C.K. Kersebaum, S. Peng, 
M. Milner, K.G. Cassman, Estimating crop yield potential at re-
gional to national scales, Field Crop. Res., 143 (2013), pp. 34–43; doi: 
10.1016/j.fcr.2012.11.018
Van Wart et al., 2013c  J. Van Wart, L.G.J. van Bussel, J. Wolf, R. 
Licker, P. Grassini, A. Nelson, H. Boogaard, J. Gerber, N.D. Muel-
ler, L. Claessens, M.K. van Ittersum, K.G. Cassman, Use of agro-
climatic zones to upscale simulated crop yield potential, Field Crop. 
Res., 143 (2013), pp. 44–55; doi: 10.1016/j.fcr.2012.11.023
Windmeijer and Andriesse, 1993  P.N. Windmeijer and W. An-
driesse (eds.), Inland Valleys in West Africa: An Agro-Ecological Char-
acterization of Rice Growing Environments. ILRI Publication 52. In-
ternational Institute for Land Reclamation and Improvement, 
Wageningen, Netherlands, 1993.
Wopereis et al., 1994   M.C.S. Wopereis, B.A.M. Bouman, M.J. 
Kropff, H.F.M. ten Berge, A.R. Maligaya, Water use efficiency 
of flooded rice fields. I. Validation of the soil–water balance 
model SAWAH, Agric. Water Manag., 26 (1994), pp. 277–289; doi: 
10.1016/0378-3774(94)90014-0
You and Wood, 2006  L. You, S. Wood, An entropy approach to spa-
tial disaggregation of agricultural production, Agric. Syst., 90 (1–3) 
(2006), pp. 329–347; doi: 10.1016/j.agsy.2006.01.008
You et al., 2009  L. You, S. Wood, U. Wood-Sichra, Generating plau-
sible crop distribution maps for Sub-Saharan Africa using a spa-
tially disaggregated data fusion and optimization approach, Ag-
ric. Syst., 99 (2009), pp. 126–140; doi: 10.1016/j.agsy.2008.11.003
You et al., 2011  L. You, C. Ringler, U. Wood-Sichra, R. Robertson, 
S. Wood, T. Zhu, G. Nelson, Z. Guo, Y. Sun, What is the irriga-
tion potential for Africa? A combined biophysical and socioeco-
nomic approach, Food Policy, 36 (2011), pp. 770–782; doi: 10.1016/j.
foodpol.2011.09.001
Young, 1999  A. Young, Is there really spare land? A critique of esti-
mates of available cultivable land in developing countries, Environ. 
Dev. Sustain., 1 (1) (1999), pp. 3–18; doi: 10.1023/A:1010055012699
